It is essential for the seismic design of a base-isolated building that the seismic response of the superstructure remains within the elastic range. The evaluation of the maximum seismic member force in a superstructure is thus an important issue. The present study predicts the maximum seismic member force of five-and fourteen-story reinforced concrete base-isolated frame buildings adopting pushover analysis. In the first stage of the study, the nonlinear dynamic (time-history) analysis of the base-isolated frame buildings is carried out, and the nonlinear modal responses of the first and second modes are calculated from pushover analysis results. In the second stage, a set of pushover analyses is proposed considering the combination of the first and second modal responses, and predicted maximum member forces are compared with the nonlinear time-history analysis results. Results show that the maximum member forces predicted in the proposed set of pushover analyses are satisfactorily accurate, while the results predicted considering only the first mode are inaccurate.
Introduction
Seismic isolation is widely applied to buildings for earthquake protection in earthquake-prone countries [1] . Unlike the case for traditional earthquake-resistant structures, seismic isolation ensures the behaviors of building structures are within the elastic range and the reduction of the acceleration in the buildings during a large earthquake. In the case of large seismic excitation, most seismic energy input to the base-isolated building will be absorbed in the isolation layer, and the energy absorbed by the supported superstructure will be limited. In contrast, most seismic energy input to a traditional earthquake-resistant structure will be absorbed as damage to columns and beams, and most traditional earthquake-resistant structures are thus at risk of being demolished in a severe seismic event. It is therefore recommended that the behavior of the supported superstructure of the base-isolated building be elastic in design guidelines for seismically isolated buildings [2] . For the design of the superstructure for base-isolated buildings, some formulas for the vertical distribution of lateral seismic forces have been proposed [3, 4] . Lee et al. have proposed a formula based on the combination of the fundamental mode of the base-isolated structure idealized as a two-degree-of-freedom (two-DOF) model and the fundamental mode of a fix-based structure [3] . Although their formula successfully estimates the seismic story shear force of five-story base-isolated building models, it fails to estimate that of fifteen-story base-isolated building models, because the higher mode effect is significant in the distribution of seismic forces in case of taller base-isolated buildings. In addition, their formula cannot consider the nonlinearity of an isolated layer. York and Ryan have proposed a formula considering the nonlinearity of the isolation layer [4] . Their formula is based on a huge number of numerical analysis results and is implemented to the American Society of Civil Engineering (ASCE) standard for seismic retrofit of existing buildings [5] . Although the original purpose of the proposed formula is to determine the design member forces in a superstructure by the linear static analysis, the ASCE standard [5] allows us to use this formula for the nonlinear static analysis, unless some conditions are satisfied, including that the superstructure is less than or equal to four stories or 65 ft in height from the base level.
There have been studies on the nonlinear seismic response of base-isolated buildings considering the nonlinear behavior of superstructures [6] [7] [8] [9] . For example, Kikuchi et al. investigated the inelastic response of base-isolated buildings on the basis of the theoretical solution of the response of a yielding two-DOF model subjected to sinusoidal excitation [7] . They found that the behavior of yielding isolated structures is fundamentally different from that of fixed-base structures, i.e., positive aspects of yielding (i.e., a change in effective frequency and an increase in energy absorption) should not be expected in the case of yielding isolated structures.
In the seismic design of traditional earthquake-resistant structures, a simplified nonlinear analysis procedure, which combines the nonlinear static (pushover) analysis of a multi-degrees-of-freedom model with the response spectrum analysis of an equivalent single-degree-of-freedom (SDOF) model, is available, e.g., the N2 method [10, 11] and modal pushover analysis [12] . Although a rigorous nonlinear time-history analysis is required in most cases of the seismic design of seismically isolated buildings, there have been studies on the application of such nonlinear static analysis to base-isolated buildings by Kilar and Koren [13] [14] [15] [16] , Providakis [17] , Faal and Poursha [18] , and Bhandari et al. [19, 20] . In most of these investigations, the nonlinearity of the superstructure was considered, and discussions focused on the accuracy of story drift and plastic hinge rotations in comparison with nonlinear time-history analysis results. However, the author understands that there have been no studies on the demand of the member force in the superstructure of a base-isolated building.
As mentioned above, it is essential in the seismic design of a base-isolated building that the seismic response of the superstructure remains within the elastic range. The evaluation of the maximum seismic member force in a superstructure is thus an important issue. Although there are several studies regarding the seismic story shear force of superstructures in base-isolated buildings (e.g., [3, 4] ), their discussions are mainly focused on the vertical distribution of lateral force applying to the linear static analysis. In case the behavior of the isolated layer is nonlinear, the member force in the superstructure is influenced by the nonlinearity of the isolated layer, even though the superstructure remains elastic. Therefore, the author thinks the better method to calculate the member force in the superstructure is carried out in the nonlinear static analysis of the whole structure, including the nonlinear isolated layer. Of course, the most rigorous method for this purpose is the nonlinear dynamic (time-history) analysis of the whole structure. However, from the author's point of view, such analysis demands highly engineering judgement, such as detailed modelling of the structural behavior (including the cyclic behavior) and selection of the ground motions and computation costs. Besides, it is very difficult to interpret the analysis results properly: how to understand the fundamental behavior of the analyzed structure is a very tough task for the analysts and also the designers, and the analysis results are highly dependent on the ground motion characteristics. The nonlinear static analysis, in contrast, provides us the basic information about the building under investigation. From this aspect, the author believes the nonlinear static analysis assists designers and analysts in the understanding of the nonlinear behavior of buildings.
The present study predicts the maximum seismic member force of five-and fourteen-story reinforced concrete base-isolated frame buildings adopting pushover analysis. For the simplicity of discussion, the behavior of members in the superstructure is assumed to be linear elastic. The isolated layer of each of the two buildings comprises natural rubber bearings (NRBs), lead-rubber bearings (LRBs), and steel dampers.
The rest of the paper is organized as follows. Section 2 provides basic information on the two model buildings and ground motions. Section 3 carries out the nonlinear time-history analysis of the base-isolated frame buildings and calculates the nonlinear modal responses of the first and second Buildings 2019, 9, 201 3 of 26 modes using pushover analysis results. Section 4 proposes a set of pushover analyses considering the combination of the first and second modal responses and compares the predicted maximum member forces with the nonlinear time-history analysis results. Discussions are then presented on the accuracy of the proposed pushover analysis for the prediction of the maximum member force of superstructures.
Building and Ground Motion Data

Building Data
The present study investigates the two base-isolated building models shown in Figures 1 and 2 . Both models were based on the buildings originally designed as traditional earthquake-resistant structures according to the current seismic design code of Japan and a design example published by Japan Building Disaster Prevention Association (JABDA) [21] . Model-05, shown in Figure 1 , is a five-story base-isolated reinforced concrete building model while Model-14, shown in Figure 2 , is a 14-story reinforced concrete building model. The weight of floor per unit area above level Z 1 and at level Z 0 are respectively assumed to be 14 and 32 kN/m 2 . The member sections, compressive strength, and Young's modules of concrete for each model are given in Tables 1 and 2 . All beams and columns are assumed to have linear elastic behavior.
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Building Data
The present study investigates the two base-isolated building models shown in Figures 1 and 2 . Both models were based on the buildings originally designed as traditional earthquake-resistant structures according to the current seismic design code of Japan and a design example published by Japan Building Disaster Prevention Association (JABDA) [21] . Model-05, shown in Figure 1 , is a fivestory base-isolated reinforced concrete building model while Model-14, shown in Figure 2 , is a 14story reinforced concrete building model. The weight of floor per unit area above level Z1 and at level Z0 are respectively assumed to be 14 and 32 kN/m 2 . The member sections, compressive strength, and Young's modules of concrete for each model are given in Tables 1 and 2 . All beams and columns are assumed to have linear elastic behavior. The isolated layer below level Z 0 comprises NRBs, LRBs, and steel dampers. Figure 3 shows envelopes of the force-deformation relationship for the isolators and damper. The behavior of an NRB is assumed to be linear elastic while that of an LRB and that of a steel damper are assumed to be bilinear. The isolated layer below level Z0 comprises NRBs, LRBs, and steel dampers. Figure 3 shows envelopes of the force-deformation relationship for the isolators and damper. The behavior of an NRB is assumed to be linear elastic while that of an LRB and that of a steel damper are assumed to be bilinear. To determine the properties of the isolated layer, the seismic isolation period, Tf, defined as:
is adjusted between 4.0 to 5.0 seconds. In Equation (1), M is the total mass of the superstructure above the isolated layer and Kf is the total stiffness of the isolated layer without dampers. The shear force coefficient of dampers, αs, is defined by:
In Equation (2), g is the acceleration due to gravity and is assumed to be 9.8 m/s 2 , sQy is the sum of the yield strength of dampers (including LRBs), Qyd. In this study, αs is adjusted around 0.05.
All isolators are chosen from a catalog provided by Bridgestone Corporation [22] , considering the range of nominal stress of each isolator due to a vertical load ranging from 5 to 15 MPa. Meanwhile, the steel dampers used in Model-14 are chosen from a catalog provided by Nippon Steel Corporation Engineering Co. Ltd. [23] . Tables 3 to 5 give the properties of isolators and dampers for the two models. To determine the properties of the isolated layer, the seismic isolation period, T f , defined as:
is adjusted between 4.0 to 5.0 seconds. In Equation (1), M is the total mass of the superstructure above the isolated layer and K f is the total stiffness of the isolated layer without dampers. The shear force coefficient of dampers, α s , is defined by:
In Equation (2), g is the acceleration due to gravity and is assumed to be 9.8 m/s 2 , s Q y is the sum of the yield strength of dampers (including LRBs), Q yd . In this study, α s is adjusted around 0.05.
All isolators are chosen from a catalog provided by Bridgestone Corporation [22] , considering the range of nominal stress of each isolator due to a vertical load ranging from 5 to 15 MPa. Meanwhile, the steel dampers used in Model-14 are chosen from a catalog provided by Nippon Steel Corporation Engineering Co. Ltd. [23] . Tables 3-5 give the properties of isolators and dampers for the two models. The isolated period T f , calculated using K 1 of NRBs and K 2 of LRBs, is 4.04 s for Model-05 and 4.84 s for Model-14. The shear force coefficient of dampers α s , calculated using Q yD of LRBs and steel dampers, is 0.055 for Model-05 and 0.048 for Model-14.
The two buildings are modelled as three-dimensional spatial frames, wherein the floor diaphragms are assumed to be rigid in their own planes without out-of-plane stiffness. For numerical analyses, the nonlinear analysis program for spatial frames developed by the author in a previous study [24] is upgraded for the base-isolated buildings. The beams are modelled as an elastic line element with a rigid zone at each end and a length assumed as half the depth of the intersected column minus one-fourth the depth of the considered beam. Similarly, the columns are modelled as an elastic line element with a rigid zone at each end and a length assumed as half the depth of the intersected beam minus one-fourth the depth of the considered column. The shear behavior of isolators is modelled using the multiple-shear-spring model proposed by Wada and Hirose [25] . The vertical behavior of isolators is assumed to be linear elastic while the bending stiffness of isolators is ignored. The steel dampers installed in Model-14 are modelled as two orthogonal shear springs. The hysteresis behavior of LRBs and steel dampers is modelled as following the normal bilinear rule for simplicity of analysis. In determining the damping of the superstructure, eigenvalue analysis is carried out to obtain the natural period of the first mode, assuming the superstructure is pin supported. The damping matrix of the superstructure is then assumed to be proportional to the stiffness matrix of the superstructure, with 2% of the first mode's critical damping. The damping of isolators and dampers is not considered, assuming their energy absorption effects are already included in the hysteresis rule. Figure 4 shows the first two natural modes of the two building models in the elastic stage, considering the initial stiffness of LRBs and steel dampers. Note that only natural modes in the X-direction are shown here because the present study considers unidirectional excitation in the X-direction and the two buildings are symmetric across the X-and Y-axes. Here, T ie is the i th natural period in the elastic range (i = 1, 2) and m ie * is the equivalent (effective) modal mass ratio of the i th mode. As shown in Figure 4 , the equivalent first modal mass ratio is close to 1 for both models. Therefore, the buildings may oscillate predominantly in the first mode.
Ground Motion Data
Two series of artificial ground motions are used for the nonlinear time-history analysis. The target elastic spectrum with 5% critical damping, pSA(T, 0.05), is determined from the Building Standard Law of Japan considering the type-1 (rock) soil condition. Two records are used to determine the phase angle of artificial ground motions. One is the horizontal major component of the 1995 Japan Meteorological Agency (JMA) Kobe record while the other is the horizontal major component of Sendai Government Office building #2 recorded during the 2011 earthquake that struck off the Pacific coast of Tohoku [26] (respectively referred to as the JKB record and SND record). The scheme of the generation of artificial ground motion is the same as that in a previous study [27] , except that the range of the natural period considered in spectrum fitting is 0.02 to 10.0 s, as recommended in design guidelines of seismically isolated buildings [2]. The phase angle is shifted by the constant Δϕ0 to generate artificial ground motion with the same phase difference but a different time history. Twelve artificial ground motions are generated for each record by varying Δϕ0 in intervals of π/12 from 0 to 11π12. The Art-S series (wave Art-S00 to Art-S11) are the artificial waves generated from the JKB record while the Art-L series (wave Art-L00 to Art-L11) are the artificial waves generated from the SND record. Figure 5 shows the pseudo acceleration spectra of the generated artificial ground motions while Figure 6 shows an example wave of generated artificial ground motions. As shown in Figure 4 , the equivalent first modal mass ratio is close to 1 for both models. Therefore, the buildings may oscillate predominantly in the first mode.
Two series of artificial ground motions are used for the nonlinear time-history analysis. The target elastic spectrum with 5% critical damping, p S A (T, 0.05), is determined from the Building Standard Law of Japan considering the type-1 (rock) soil condition. Two records are used to determine the phase angle of artificial ground motions. One is the horizontal major component of the 1995 Japan Meteorological Agency (JMA) Kobe record while the other is the horizontal major component of Sendai Government Office building #2 recorded during the 2011 earthquake that struck off the Pacific coast of Tohoku [26] (respectively referred to as the JKB record and SND record). The scheme of the generation of artificial ground motion is the same as that in a previous study [27] , except that the range of the natural period considered in spectrum fitting is 0.02 to 10.0 s, as recommended in design guidelines of seismically isolated buildings [2]. The phase angle is shifted by the constant ∆φ 0 to generate artificial ground motion with the same phase difference but a different time history. Twelve artificial ground motions are generated for each record by varying ∆φ 0 in intervals of π/12 from 0 to 11π12. The Art-S series (wave Art-S00 to Art-S11) are the artificial waves generated from the JKB record while the Art-L series (wave Art-L00 to Art-L11) are the artificial waves generated from the SND record. Figure 5 shows the pseudo acceleration spectra of the generated artificial ground motions while Figure 6 shows an example wave of generated artificial ground motions. As shown in Figure 4 , the equivalent first modal mass ratio is close to 1 for both models. Therefore, the buildings may oscillate predominantly in the first mode.
Two series of artificial ground motions are used for the nonlinear time-history analysis. The target elastic spectrum with 5% critical damping, pSA(T, 0.05), is determined from the Building Standard Law of Japan considering the type-1 (rock) soil condition. Two records are used to determine the phase angle of artificial ground motions. One is the horizontal major component of the 1995 Japan Meteorological Agency (JMA) Kobe record while the other is the horizontal major component of Sendai Government Office building #2 recorded during the 2011 earthquake that struck off the Pacific coast of Tohoku [26] (respectively referred to as the JKB record and SND record). The scheme of the generation of artificial ground motion is the same as that in a previous study [27] , except that the range of the natural period considered in spectrum fitting is 0.02 to 10.0 s, as recommended in design guidelines of seismically isolated buildings [2]. The phase angle is shifted by the constant Δϕ0 to generate artificial ground motion with the same phase difference but a different time history. Twelve artificial ground motions are generated for each record by varying Δϕ0 in intervals of π/12 from 0 to 11π12. The Art-S series (wave Art-S00 to Art-S11) are the artificial waves generated from the JKB record while the Art-L series (wave Art-L00 to Art-L11) are the artificial waves generated from the SND record. Figure 5 shows the pseudo acceleration spectra of the generated artificial ground motions while Figure 6 shows an example wave of generated artificial ground motions. Figure 7a , is concerned, differences among the 12 waves are not significant, however, differences within a short time are noticeable among the 12 waves, as shown in Figure 7b . These differences are due to the shift in phase angle. In the linear seismic response, it is expected that such a detailed difference in the input acceleration would not notably affect the peak response, however, in the nonlinear seismic response, there may be a notable difference in the peak response, as was found in a previous study [27] . 
Cases of Nonlinear Time-history Analysis
In this study, the seismic excitation is considered unidirectional in the X-direction. Nonlinear time-history analyses were carried out using the 2 × 12 = 24 artificial ground motions presented in Section 2.2. The intensity of ground motion was scaled as 50%, 75%, and 100%. Therefore, 3 × 2 × 12 = 72 analyses were carried out for each model.
Nonlinear Modal Response
This section carries out nonlinear time-history analyses of the base-isolated frame buildings and then calculates the nonlinear modal response of the first and second modes based on pushover analysis results. Note that no orthogonal response in the Y-direction or torsional response is considered because the building model considered in this study is symmetric with respect to the Xand Y-axes and the earthquake excitation is unidirectional in the X-direction.
Procedure for Calculating the Modal Response
As the first step of this investigation, it is important to understand the contribution of each modal response in the relative displacement and restoring force in each floor. In this paper, the nonlinear modal response of two base-isolated frame buildings are calculated as follows. Figure 8 shows the concept of the calculating modal response in this study. Figure 7 compares the 12 waves of the Art-S series. As far as the whole waveform, from 0 to 30 s, as shown in Figure 7a , is concerned, differences among the 12 waves are not significant, however, differences within a short time are noticeable among the 12 waves, as shown in Figure 7b . These differences are due to the shift in phase angle. In the linear seismic response, it is expected that such a detailed difference in the input acceleration would not notably affect the peak response, however, in the nonlinear seismic response, there may be a notable difference in the peak response, as was found in a previous study [27] . Figure 7a , is concerned, differences among the 12 waves are not significant, however, differences within a short time are noticeable among the 12 waves, as shown in Figure 7b . These differences are due to the shift in phase angle. In the linear seismic response, it is expected that such a detailed difference in the input acceleration would not notably affect the peak response, however, in the nonlinear seismic response, there may be a notable difference in the peak response, as was found in a previous study [27] . 
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Procedure for Calculating the Modal Response
As the first step of this investigation, it is important to understand the contribution of each modal response in the relative displacement and restoring force in each floor. In this paper, the nonlinear modal response of two base-isolated frame buildings are calculated as follows. Figure 8 shows the concept of the calculating modal response in this study. 
Cases of Nonlinear Time-history Analysis
Nonlinear Modal Response
This section carries out nonlinear time-history analyses of the base-isolated frame buildings and then calculates the nonlinear modal response of the first and second modes based on pushover analysis results. Note that no orthogonal response in the Y-direction or torsional response is considered because the building model considered in this study is symmetric with respect to the X-and Y-axes and the earthquake excitation is unidirectional in the X-direction.
Procedure for Calculating the Modal Response
As the first step of this investigation, it is important to understand the contribution of each modal response in the relative displacement and restoring force in each floor. In this paper, the nonlinear modal response of two base-isolated frame buildings are calculated as follows. Figure 8 shows the concept of the calculating modal response in this study. Note that this procedure is based on the procedure proposed by Kuramoto [28] for traditional reinforced concrete moment-resisting frame building structures. The outline of the calculation is: 1. Carry out the nonlinear time-history analysis of an N-story base-isolated frame building model to obtain the displacement vector d(t) and the restoring force vector fR(t). 2. Carry out the pushover analysis of the base-isolated frame building model considering the change in the first mode's shape at each nonlinear stage. Displacement-based mode-adaptive pushover (DB-MAP) analysis [24, 29] is adopted. The first mode vector at each loading step n,  1 n n1 φ , is calculated assuming that the displacement vector at each loading step, nd, is proportional to the first-mode vector  1 n n1 φ at each loading step: Note that this procedure is based on the procedure proposed by Kuramoto [28] for traditional reinforced concrete moment-resisting frame building structures. The outline of the calculation is:
1.
Carry out the nonlinear time-history analysis of an N-story base-isolated frame building model to obtain the displacement vector d(t) and the restoring force vector f R (t).
2.
Carry out the pushover analysis of the base-isolated frame building model considering the change in the first mode's shape at each nonlinear stage. Displacement-based mode-adaptive pushover (DB-MAP) analysis [24, 29] is adopted. The first mode vector at each loading step n, n Γ 1n ϕ 1 , is calculated assuming that the displacement vector at each loading step, n d, is proportional to the first-mode vector n Γ 1n ϕ 1 at each loading step: 
In Equations (3) to (5), n x j is the relative displacement of the j th floor at step n.
3.
Assume the first mode vector Γ 1 ϕ 1 as that in the elastic stage Γ 1e ϕ 1e = 1 Γ 1 1 ϕ 1 and set D 1 * push = 1 D 1 * .
4.
Calculate the time-history response of the equivalent displacement of the first mode, D 1 * (t), using the displacement vector d(t). Then find D 1 * peak as the largest value of |D 1 * (t)|:
In Equation (6), M 1 * is the effective first modal mass calculated in terms of Γ 1 ϕ 1 .
5.
Determine the first mode vector Γ 1ie ϕ 1ie from the pushover analysis results corresponding to D 1 * peak . 6.
If Calculate the time-history response of the equivalent acceleration of the first mode, A 1 * (t), using the restoring force vector f R (t):
In Equation (8), M 1ie * is the effective first modal mass in terms of Γ 1ie ϕ 1ie . 8.
Determine the second mode vector Γ 2ie ϕ 2ie from Equations (10) and (11) in terms of Γ 1ie ϕ 1ie and the second-mode vector in the elastic stage (Γ 2e ϕ 2e ), with consideration given to the orthogonality of the mode vectors, to satisfy the orthogonal condition of the two mode vectors:
9.
Calculate the time history of the equivalent displacement and acceleration of the second mode, D 2 * (t) and A 2 * (t), respectively:
In Equation (12), M 2ie * is the effective first modal mass in terms of Γ 2ie ϕ 2ie . 10. Calculate the relative displacement and restoring force vector of the i th mode (i = 1, 2), d i (t) and f Ri (t) respectively, and then calculate the relative displacement and restoring vector of the higher mode, d h (t) and f Rh (t), respectively:
It is worth mentioning that, in this calculation, the change in the mode shape in the nonlinear stage is considered based on pushover analysis of the first mode. Therefore, the second mode vector is determined according to the first modal response. Figure 9 shows an example of the evaluated mode vector at peak and the first modal response of Model-14. The figures also show the relationship of the equivalent acceleration n A 1 * versus equivalent displacement n D 1 * calculated from pushover analysis results (Equations (4) and (17)):
Calculation Results
Validation for Modal Response Calculations
n f R = n f R0 n f R1 · · · n f RN T .
(18) Figure 9a shows that the first mode vector of Model-14 changes from the elastic stage: the component of level Z 0 is closer to 1.0 and the superstructure comes to behave as a rigid body. The figure also shows that all components of the second mode vector are smaller from the elastic stage. The relationship of A 1 * (t) versus D 1 * (t) obtained from time-history analysis is regular and similar to the normal bilinear hysteresis rule, and its peak point agrees with the pushover result, as shown in Figure 9b . A similar observation is made for Model-05, which is not shown in this paper.
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It is worth mentioning that, in this calculation, the change in the mode shape in the nonlinear stage is considered based on pushover analysis of the first mode. Therefore, the second mode vector is determined according to the first modal response. Figure 9a shows that the first mode vector of Model-14 changes from the elastic stage: the component of level Z0 is closer to 1.0 and the superstructure comes to behave as a rigid body. The figure also shows that all components of the second mode vector are smaller from the elastic stage. The relationship of A1 * (t) versus D1 * (t) obtained from time-history analysis is regular and similar to the normal bilinear hysteresis rule, and its peak point agrees with the pushover result, as shown in Figure 9 (b). A similar observation is made for Model-05, which is not shown in this paper. Figure 10 compares the relationships of A1 * versus D1 * obtained from the pushover analysis results and the peak of nonlinear time-history analysis results. The peaks of all nonlinear time-history analysis results are plotted in the figure. It is seen that all peak plots agree well with the curve of nA1 * versus nD1 * obtained from the pushover analysis results. It is concluded from the above results that the calculation of the nonlinear modal response gives good results. The nonlinear modal responses are investigated in detail in the following discussions. Note that since the superstructure comes to behave as a rigid body in the nonlinear stage, the relative displacement of the level Z0 is almost equal to the equivalent displacement D1 * . Therefore, the maximum deformations of isolators are approximately 0.5 m (Model-05) and 0.6 m (Model-14), respectively. According to a catalog provided by Bridgestone Corporation [22] , the minimum of the ultimate horizontal deformation of the isolator used in Model-05 is 0.648 m, while that of Model-14 is 0.720 m (ultimate shear strain of rubber = 400%). Therefore, the responses shown in this study are smaller than the ultimate value. Figure 11 shows the time-history response of Model-14 (Art-S09, 100%). In the figure, the responses of the relative displacement and restoring force at the top (level Z14), middle (level Z7), and bottom (level Z0) are shown. Note that "total (All Modes)" is the response originally obtained from time-history analysis results (e.g., displacement vector d(t) and restoring force vector fR(t)) while "First mode" is the response vector of the first mode (e.g., d1(t) and fR1(t)).
Calculation Results
Validation for Modal Response Calculations
  = 01 n R n R n RN f f f T nR f .(17)
Comparison of the Modal Response
It is clear that, in terms of the relative displacement shown in Figure 11a , the first modal response agrees well with the total response. This confirms that the relative displacement response of Model-14 is governed by the first mode. However, this observation is different from that for the restoring force shown in Figure 11b , where the difference between the first modal response and the total response is notable at levels Z14 and Z0 and negligibly small at level Z7. This implies that the effect of the second and higher modal responses are significant in the restoring force, especially the top and bottom floor. A similar observation can be found in Model-05.
Figures 12 compares the modal responses at the top of Model-14 (Art-S09, 100%). The figures compare the relative displacement (d1(t), d2(t), and dh(t)) and restoring force (fR1(t), fR2(t), and fRh(t)). In terms of the relative displacement, the first modal response is the most pronounced and the second and higher modal responses are negligibly small, as shown in Figure 12a . In contrast, for the restoring force, the second modal response is more pronounced than the first modal response (Figure 12b ). It is concluded from the above results that the calculation of the nonlinear modal response gives good results. The nonlinear modal responses are investigated in detail in the following discussions. Note that since the superstructure comes to behave as a rigid body in the nonlinear stage, the relative displacement of the level Z 0 is almost equal to the equivalent displacement D 1 * . Therefore, the maximum deformations of isolators are approximately 0.5 m (Model-05) and 0.6 m (Model-14), respectively. According to a catalog provided by Bridgestone Corporation [22] , the minimum of the ultimate horizontal deformation of the isolator used in Model-05 is 0.648 m, while that of Model-14 is 0.720 m (ultimate shear strain of rubber = 400%). Therefore, the responses shown in this study are smaller than the ultimate value. Figure 11 shows the time-history response of Model-14 (Art-S09, 100%). In the figure, the responses of the relative displacement and restoring force at the top (level Z 14 ), middle (level Z 7 ), and bottom (level Z 0 ) are shown. Note that "total (All Modes)" is the response originally obtained from time-history analysis results (e.g., displacement vector d(t) and restoring force vector f R (t)) while "First mode" is the response vector of the first mode (e.g., d 1 (t) and f R1 (t)).
It is clear that, in terms of the relative displacement shown in Figure 11a , the first modal response agrees well with the total response. This confirms that the relative displacement response of Model-14 is governed by the first mode. However, this observation is different from that for the restoring force shown in Figure 11b , where the difference between the first modal response and the total response is notable at levels Z 14 and Z 0 and negligibly small at level Z 7 . This implies that the effect of the second and higher modal responses are significant in the restoring force, especially the top and bottom floor. A similar observation can be found in Model-05. Figure 12 compares the modal responses at the top of Model-14 (Art-S09, 100%). The figures compare the relative displacement (d 1 (t), d 2 (t), and d h (t)) and restoring force (f R1 (t), f R2 (t), and f Rh (t)). In terms of the relative displacement, the first modal response is the most pronounced and the second and higher modal responses are negligibly small, as shown in Figure 12a . In contrast, for the restoring force, the second modal response is more pronounced than the first modal response (Figure 12b ). Note that the higher modal response of the restoring force is smaller than the first and second modal responses. Therefore, the contribution of the higher modal response may be neglected for the approximation of the restoring force response of the base-isolated building models studied herein.
Simultaneity of the Peak Modal Response
The important issue in determining the proper horizontal force distribution used in the pushover analysis is the combination of the first and second modal responses. This section discusses the simultaneity of the peaks of the two modal responses.
The factor of simultaneity of the peaks of the two modal responses, γ, is defined as:
where, t peak is the time at which |A 1 * (t)| reaches a maximum value, A 1 * max , and A 2 * max is the maximum value of |A 2 * (t)|. Using the factor γ, the horizontal force distribution, p, may expressed as: Figure 13 shows the orbit of normalized acceleration of the two modal responses, A 1 * (t) / A 1 * max and A 2 * (t) / A 2 * max , for Model-05. The points at t = t peak are plotted using the symbol " ". It is seen that the range of γ is approximately between −1/2 and 1/2, i.e., most of the symbols " " in the figure are distributed at A 1 * (t) / A 1 * max = ±1, −1/2 ≤ A 2 * (t) / A 2 * max ≤ 1/2. There are no plots corresponding to γ = ±1. No noticeable difference due to the intensity of ground motion or series (Art-S/L series) was observed. Figure 14 shows the orbit of normalized acceleration of the two modal responses for Model-14. Most of the plots " " in the figure are distributed at A 1 * (t) / A 1 * max = ±1, −1/2 ≤ A 2 * (t) / A 2 * max ≤ 1/2, and no plots correspond to γ = ±1. However, there are plots outside the range −1/2 ≤ A 2 * (t) / A 2 * max ≤ 1/2, especially when the intensity of ground motion is 50% (4 plots/12 analyses in Art-S series 50%, 3 plots/12 analyses in Art-L series). It is concluded from the above investigation that the peaks of the first and second modal responses rarely occur simultaneously, although there is a certain level of contribution of the second modal response when the maximum first modal response occurs. Therefore, the value γ = ±1 may lead to overestimation while the value γ = 0 may lead to underestimation. The proper value of γ may be taken as 1/2. However, as shown in the case of Model-14 when the intensity of ground motion is 50%, the value of γ may be taken as larger than 1/2 for the conservative prediction of the maximum member force. It is interesting to note that Rahmani et al. had reached a similar conclusion in their research, that the contribution of the second mode should be factored by 0.5 for the improvement of accuracy in upper stories, in their improved upper-bound pushover analysis for the traditional moment-resisting frame structures [30] . 
Prediction of the Maximum Seismic Member Force in a Superstructure
This section proposes a set of pushover analyses considering the combination of the first and second modal responses. The predicted maximum member forces are then compared with the nonlinear time-history analysis results. 
This section proposes a set of pushover analyses considering the combination of the first and second modal responses. The predicted maximum member forces are then compared with the nonlinear time-history analysis results.
Proposal of a Set of Pushover Analyses
The procedure for a set of pushover analyses is described as follows. Note that the basic idea of a set of pushover analyses herein is the same as mode-adaptive bidirectional pushover analysis (MABPA) proposed previously by the author [24, 29] for the consideration of combination of bidirectional excitation.
1.
Calculate a set of horizontal-force distributions p + and p − in terms of the first-and second-mode vectors at D 1 * max :
2.
Perform the pushover analysis using the invariant force distributions p + and p − (termed Pushover 1 and 2, respectively) until the equivalent displacement n D * calculated as:
reaches D 1 * max .
3.
Determine the maximum response from the envelope of Pushover 1 and 2, i.e., the maximum relative displacement, the maximum restoring force, and the maximum member forces are obtained as the maximum value of the results of Pushover 1 and 2.
Note that Pushover 1 and 2 are carried out using the same model as the nonlinear time-history analysis by the same computer code. To investigate the accuracy of the proposed set of pushover analyses, the "exact" values of D 1 * max , A 1 * max and A 2 * max are used. The value D 1 * max used in the following section is taken as the mean of the peak modal response D 1 * peak obtained from the calculation of modal responses for 12 waves in each series. Similarly, the values A 1 * max and A 2 * max used in this section are taken as the mean of the maximum modal response obtained from the calculation of modal responses. The procedure for predicting D 1 * max , A 1 * max , and A 2 * max is not discussed in this paper.
The parameter γ, an important parameter considering the combination of the first and second modal responses, is set at 0, 1/2, 3/4, and 1. Note that the case γ = 0 is the case in which only the contribution of the first modal response is considered while the case γ = 1 is the case in which the maximum responses of the first and second modes are assumed to occur simultaneously. As discussed in the previous section, the case γ = 0 may result in underestimation while the case γ = 1 may result in overestimation. 
Predicted Results and Comparison
Calculated Force Distribution
Proposal of a Set of Pushover Analyses
The procedure for a set of pushover analyses is described as follows. Note that the basic idea of a set of pushover analyses herein is the same as mode-adaptive bidirectional pushover analysis (MABPA) proposed previously by the author [24, 29] for the consideration of combination of bidirectional excitation. 1. Calculate a set of horizontal-force distributions p + and p − in terms of the first-and second-mode vectors at D1 * max:
2. Perform the pushover analysis using the invariant force distributions p + and p − (termed Pushover 1 and 2, respectively) until the equivalent displacement nD * calculated as:
reaches D1 * max. 3. Determine the maximum response from the envelope of Pushover 1 and 2, i.e., the maximum relative displacement, the maximum restoring force, and the maximum member forces are obtained as the maximum value of the results of Pushover 1 and 2. Note that Pushover 1 and 2 are carried out using the same model as the nonlinear time-history analysis by the same computer code. To investigate the accuracy of the proposed set of pushover analyses, the "exact" values of D1 * max, A1 * max and A2 * max are used. The value D1 * max used in the following section is taken as the mean of the peak modal response D1 * peak obtained from the calculation of modal responses for 12 waves in each series. Similarly, the values A1 * max and A2 * max used in this section are taken as the mean of the maximum modal response obtained from the calculation of modal responses. The procedure for predicting D1 * max, A1 * max, and A2 * max is not discussed in this paper.
The parameter γ, an important parameter considering the combination of the first and second modal responses, is set at 0, 1/2, 3/4, and 1. Note that the case γ = 0 is the case in which only the contribution of the first modal response is considered while the case γ = 1 is the case in which the maximum responses of the first and second modes are assumed to occur simultaneously. As discussed in the previous section, the case γ = 0 may result in underestimation while the case γ = 1 may result in overestimation. Figure 19 compares the peak restoring force of Model-05. It is seen that, in the case of γ = 0, the restoring force is underestimated except at level Z2. The results in the case γ = 1/2 are close to the average of the time-history analysis results, although the restoring force is underestimated at level Z5 when the ground motions are from the Art-S series. The results in the case γ = 3/4 are larger than the average of the time-history analysis results for all floors, and results in the case γ = 1 are larger than the maximum of time-history analysis results. Figure 20 compares the peak restoring force for Model-14. Similar to the findings for Model-05, in the case γ = 0, the restoring force is underestimated except at level Z7. In the case γ = 1/2, the results are lower than the average of the time-history analysis results when the ground motion intensity is 50% or 75%. The results in the case γ = 3/4 are close to the average of the time-history analysis results for all floors when the ground motion intensity is 50% or 75%. The results in the case γ = 1 are larger than the maximum of time-history analysis results, except for level Z7. Figure 19 compares the peak restoring force of Model-05. It is seen that, in the case of γ = 0, the restoring force is underestimated except at level Z 2 . The results in the case γ = 1/2 are close to the average of the time-history analysis results, although the restoring force is underestimated at level Z 5 when the ground motions are from the Art-S series. The results in the case γ = 3/4 are larger than the average of the time-history analysis results for all floors, and results in the case γ = 1 are larger than the maximum of time-history analysis results. Figure 20 compares the peak restoring force for Model-14. Similar to the findings for Model-05, in the case γ = 0, the restoring force is underestimated except at level Z 7 . In the case γ = 1/2, the results are lower than the average of the time-history analysis results when the ground motion intensity is 50% or 75%. The results in the case γ = 3/4 are close to the average of the time-history analysis results for all floors when the ground motion intensity is 50% or 75%. The results in the case γ = 1 are larger than the maximum of time-history analysis results, except for level Z 7 . Buildings 2019, 9, For Model-05, as shown in Figure 21 , in the case γ = 0, both the maximum shear force and bending moment of column X2Y2 are underestimated in all stories. The results in the case γ = 1/2 are closer to For Model-05, as shown in Figure 21 , in the case γ = 0, both the maximum shear force and bending moment of column X 2 Y 2 are underestimated in all stories. The results in the case γ = 1/2 are closer to the average of the time-history analysis results, although there is underestimation for the upper stories when the ground motion intensity is 50% or 75%. The estimation is conservative in the case γ = 3/4 but larger than the maximum of time-history analysis results in the case γ = 1.
Predicted Results and Comparison
Calculated Force Distribution
Restoring Force at Each Floor
Similar observations are presented for Model-14 in Figure 22 , i.e., there are underestimations in the case γ = 0 and overestimations in the case γ = 1. Better estimations (closer to the average of the time-history analysis results) are obtained in the case γ = 1/2 or 3/4. It is noted that, when the ground motion intensity is 50%, the estimation is better in the case γ = 3/4 than in the case γ = 1/2, in which the estimation is lower than the average of the time-history analysis results. This finding is consistent with the observation in Figure 14 .
Accuracy of the Proposed Procedure
The ratio of the maximum shear force of column X 2 Y 2 estimated in pushover analysis to the average time-history analysis result is used to investigate the accuracy of the proposed set of pushover analyses. Figure 23 compares the accuracy of the pushover analyses results for Model-05 in terms of γ. It is seen that among the four cases, the case γ = 1/2 has the ratio closest to 1.0, except when the input ground motion is 50% of the Art-S series. In the case γ = 3/4, the estimations are conservative for all intensities of ground motions. Figure 24 compares the accuracy of the pushover analyses results for Model-14 in terms of γ. It is seen that the estimations are conservative for all intensities of ground motions in the case γ = 3/4 while the member forces may be underestimated for the upper stories in the case γ = 1/2. In conclusion, the maximum member force can be satisfactorily estimated adopting the proposed set of pushover analyses, by considering the combination of the first and second modal responses properly. As far as for the limited analysis results shown herein, reasonably conservative estimations are made in the case γ = 3/4. The member force is underestimated in the case γ = 0, where only the contribution of the first modal response is considered. In the case γ = 1, for which the peaks of the first and second modal responses are assumed to occur simultaneously, the member force is overestimated. The case γ = 1/2 may have the estimation closest to the average of the nonlinear time-history analysis results, however, results may be underestimated for upper stories.
Discussions and Conclusions
The maximum seismic member forces of five-and fourteen-story reinforced concrete base-isolated frame buildings were predicted by adopting pushover analysis. The main contributions and conclusions of the study are as follows.
•
The calculation procedure for the nonlinear modal response was applied to the base-isolated frame buildings studied herein. Results show that the procedure works well for base-isolated buildings, i.e., the peak response of the first modal response agrees well with the results of pushover analysis, and the hysteresis rule of the first modal response is well regular and similar to normal bilinear behavior. •
The first modal response is predominant in the relative displacement responses of the base-isolated building models at all floor levels. In contrast, the contribution of the second modal response is important in the restoring force responses at the top and bottom floors of the base-isolated building models. Therefore, to determine the proper horizontal force distribution used in the pushover analysis, the combination of the first and second modal responses is an important issue.
The peaks of the first and second modal responses rarely occur simultaneously, although there is a certain level of contribution of the second modal response when the maximum first modal response occurs. The factor of the simultaneity of the two modal responses, γ, approximately ranges between −1/2 and 1/2, however, there are cases that the absolute value of γ exceeds 1/2.
The accuracy of the proposed set of pushover analyses for the prediction of the maximum member force was verified by nonlinear time-history analysis. Results show that the maximum member force can be satisfactorily predicted by considering the combination of the first and second modal responses properly. The limited numerical investigation herein revealed that the case γ = 3/4 provides reasonably conservative estimations. The case γ = 1/2 may provide the closest estimation to the average of nonlinear time-history analysis results, however, it may underestimate results in upper stories.
One of the contributions in this paper the author should emphasize is the proposal of a set of pushover analysis considering a) the changing of the first mode's shape in each nonlinear stage, and b) the combination of the first and second modal responses. As is shown in Section 3.2.1, the mode shape at the peak response is changed significantly from the elastic range. This is because the nonlinearity of the isolated layer significantly affects the mode shape in case of the base-isolated buildings with LRB and hysteresis dampers. Besides, as is shown in Section 3.2.2, the contribution of the second modal response is significant to the restoring force acting at the top and bottom floors. In case of base-isolated buildings, the effective modal mass of the first mode is almost 100% of the total mass of the superstructure, and hence, the response of base-isolated building is expected to be governed by the first mode. The finding shown in Section 3.2.2 reveals that it is not true according to the restoring force in the top and bottom floors. Therefore, those points are essential for the better prediction of the peak response (e.g., displacement and member forces) for the base-isolated buildings by the nonlinear static analysis.
The procedure for predicting the peak response of each modal response was not discussed in this paper. The author believes that the nonlinear time-history analysis of the equivalent SDOF models can be applied to the prediction of the first modal response, as for ordinary nonlinear static procedures, or that the equations already proposed by Kilar and Koren [14] may simply be used. However, the prediction of the peak response for the second modal response would be more difficult because the change in the effective modal mass is appreciable owing to the change in the second mode vector. Another issues regarding in this topic is the applicability of the proposed set of pushover analyses to the base-isolated buildings with structural wall: as is well known in the seismic design of traditional earthquake-resistant structures, the seismic forces acting at the structural wall significantly affects the higher mode response in the case of a dual system (moment-resting frame with structural wall). The structural wall may also be used in base-isolated buildings for stiffening the superstructure, such as structural core wall of tall buildings. In such cases, the contribution of the second and higher modal response to seismic force in each member is a very complicated problem. The author wishes that the proposed set of pushover analyses may be one of the good solutions for such problems. Further works will address this issue.
